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Dalcochinin-S'-O-p-glucoside (J-glucosidase (dalcochinase) from the Thai rosewood (Dal-
bergia cochinchinen&is Pierre) has aglycone specificity for isoflavonoids and can hydro-
lyze both fl-glucosides and (i-fucosides. To determine its structure and evolutionary
lineage, the sequence of the enzyme was determined by peptide sequencing followed by
PCR cloning. The cDNA included a reading frame coding for 547 amino acids including
a 23 amino acid propeptide and a 524 amino acid mature protein. The sequences deter-
mined at peptide level were found in the cDNA sequence, indicating the sequence ob-
tained was indeed the dalcochinase enzyme. The mature enzyme is 60% identical to the
cyanogenic p*-glucosidase from white clover glycosyl hydrolase family 1, for which an X-
ray crystal structure has been solved. Based on this homology, residues which may con-
tribute to the different substrate specificities of the two enzymes were identified. Eight
putative glycosylation sites were identified, and one was confirmed to be glycosylated
by Edman degradation and mass spectrometry. The protein was expressed as a prepro-
a-mating factor fusion in Pichia pastoris, and the activity of the secreted enzyme was
characterized. The recombinant enzyme and the enzyme purified from seeds showed the
same E^ for pNP-glucoside and pNP-fucoside, had the same ratio of Vnmx for these sub-
strates, and similarly hydrolyzed the natural substrate, dalcochinin-8'-p-giucoside.
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P-Glucosidases [3.2.1.21] play important roles in plants, instance, is unable to hydrolyze amygdalin, linustatdn, and
including growth regulation, response to stress, lignifica- neolinustatin (3, 7). Other related p-glucosidases have evo-
tion, cellulose degradation, and defense (2). They are lved to fulfill diverse roles in plant growth (8), phosphate
thought to regulate plant growth by releasing cytoltinin starvation response (9) and other plant processes, and are
growth factors from their glucosides, and they help hydro- likely to have different aglycone specificities as well. Since
lyze cellobiose produced by cell wall degradation. f^Glucosi- these homologous enzymes show, different substrate speci-
dases involved in defense generally produce toxic com- ficity, small sequence differences must affect substrate spe-
pounds, such as hydrogen cyanide, saponins, coumarins, cificity.
and naphthoquinones by deglycosylation of their substrates The wide variety of p-glucosidases and other glycosidases
(2-5). Although these enzymes are closely related in evolu- in plants have several potential applications. Notably, they
tion and carry out the same basic reaction, their substrate have been applied to synthesis of oligosaccharides by re-
specificities are distinct (2, 6). Prunasin hydrolase, for verse hydrolysis (10) and mapping of carbohydrate link-

ages, including those in glycoproteins and glycolipids (11).
"The work was supported by grants from the Chulabhorn Research For this reason, the discovery of new glycohydrolases with
Institute and the National Research Council of Thailand Thai-UK novel substrate specificities is of great interest.
(NRCT-ROYSOC) program. JRKC is supported by grant RSA01V During screening studies for glycohydrolases in Thai
2539 from the Thailand Research Fund.Thai Rosewood dalcochinin l a n t f i u s ^ p.nitrophenol (pNP) glycosides, seeds of Thai
8 -O-B-glucoside B-glucosidase sequence accession: AF163097. , * ,, • L • I • • rx r J i -
' To whom correspondence should be addressed at: Department of ^ w o o d , Dcdbergm cochmchinensis Pierre, were found to
Biochemistry, Faculty of Science, Mahidol University, Bangkok contain high levels of P-fucosidase and p-glucosidase actm-
10400, Thailand. Fax: +66-2-2480375, 2596634, Tel: +66-2-2461360 ties (12). The pure enzyme had both P-glucosidase and p-
(Ext 4305), E-mail: scjsv©mahidol.ac.th fucosidase activities, an apparent subunit molecular weight
Abbreviations: dalcochinase, dalcochinin 8'-O-B-glucoside B-glucosi- of 66,000 by SDS-PAGE and an apparent native Mr of
dase; endo F, endoglycosidase-F; endo Lys C, endoproteinase lysine- approximately 330,000 (23).
C; NCBI, National Center for Biotechnologies] Information; PAGE, n^t-v. t-u „ ~™~t- v c J fV.a u fi™. fV,Q a n 7 U m o n , Q ~

. i -j i , _j u • DJICO u i i.i. i ir J Both the apparent A _ and the « ^ tor the enzyme were
polyacrylamide gel electrophoresis; PMSF, phenyl methyl sulfonyl . /• , »TT-> n 2^ -J ii_ H . xm n t -J
fluoride; pNP.A-nitrophenol; RACE, rapid amplification of cDNA l o w e r f o r * e pNP-P-fucoside than the pNP-P-glucoside,
ends; RT-PCR, reverse-transcription and polymerase chain reaction. while other pNP-glycosides had much lower k^ values (23).

As the k^JKm was higher for the fucoside, the enzyme may
© 2000 by The Japanese Biochemical Society. be argued to be primarily a P-fucosidase. Modification of
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the purified enzyme with conduritol |3-epoxide (CBE) in-
activated p-fucosidase and fj-glucosidase activities at essen-
tially the same rate, indicating the presence of a carboxylic
acid in the common active site (14).

The enzyme does not efficiently hydrolyze commercially
available natural glycosides, so the natural substrate was
isolated from extracts of D. cochinchinensis seeds based on
its cleavage by the enzyme (13,15). The natural substrate,
which was present at over 3% (by weight) of the seeds, was
found to be a novel isoflavanoid (3-glucoside, which was
named dalcochinin-8'-O-p-glucoside (15). Due to its struc-
tural similarity to rotenone, a natural insecticide and pisci-
cide, the aglycone was postulated to play a role in plant
defense against herbivores, such as insects. However, the
molecule is distinct from other defense-related glycosides,-'
and the respective p-glucosidases show little ability to hy-
drolyze each other's natural substrates (15).

Here, the primary structure for the D. cochinchinensis
dalcochinin-8'-O-(3-glucoside p-glucosidase (dalcochinase)
was determined by peptide sequencing followed by RT-PCR
amplification, cloning, and sequencing of the cDNA. The
cDNA-derived protein sequence is shown to be closely
related to known plant defense-related fi-glucosidases in
glycosyl hydrolase family 1 (7,16). To demonstrate that the
clone represents the correct (J-glucosidase isozyme, recom-
binant protein was expressed in Pichia pastoris and the
resulting activity was characterized.

EXPERIMENTAL

Materials and Reagents—D. cochinchinensis Pierre seeds
were provided by the ASEAN-Canada Forest Seed Center
at Muek Lek, Saraburi, Thailand. Endo-F/peptide-TV-gly-
cosidase F, pNP-glucose, and pNP-fucose were purchased
from Sigma Chemical (St. Louis, MO, USA). Oligonucleo-
tides were obtained from GD3CO-BRL (Life Technologies,
Grand Island, NY, USA) and the BioServices Unit of the
National Science and Technology Development Agency
(NSTDA, BIOTECH, Bangkok, Thailand). Superscript II
reverse transcriptase and the 3' RACE kit were purchased
from GIBCO-BRL. Trypsin, Taq polymerase, deoxyribonu-
cleotides, other PCR reagents, pGEM-T cloning vector, and
Wizard 373 plasmid preparation kit were purchased from
Promega (Madison, WI, USA). Endopeptidase lysine-C, and
terminal deoxynucleotide transferase were acquired from
Boehringer Mannheim (Mannheim, Germany). A PRISM
cycle sequencing kit from Perkin Elmer (Roche Molecular
Systems, Branchburg, NJ, USA) was used in DNA-sequenc-
ing. P. pastoris strain GS115 and pIC9.5 plasmid were from
Invitrogen (Carlsbad, CA, USA). All other reagents were of
analytical grade or better.

Peptide Mapping and Protein Sequencing—The (3-gluco-
sidase/p-fucosidase enzyme was purified from D. cochin-
chinensis Pierre seeds as previously described (13). De-
glycosylation was accomplished by incubating 0.5 mg of
protein at 37'C for 24 h with 2.5 units of endoglycosidase-F/
peptide-TV-glycosidase F in 200 \il of 10 mM sodium phos-
phate (pH 7.5), 25 mM EDTA, and 0.01% sodium azide
(final pH 6.7). Following deglycosylation, the protein was
purified over an Aquapore RP-300 (220 X 4.6 mm) C8 col-
umn, eluted with a linear gradient from 0 to 70% acetoni-
trile in 0.1% TEA, on a Waters 510 HPLC. Portions of the
enzyme preparation were digested with trypsin at an

enzyme: substrate ratio of 1:50 by wt at 37'C in 50 mM
Tris pH 7.85, 1 mM CaCL,, 10% acetonitrile, or endopro-
teinase Lys-C (endo Lys C) at an enzyme: substrate ratio of
1:45 by weight in 50 mM Tris pH 9.0, 0.5 mM EDTA, 10%
acetonitrile at 36*C for 12 h. The reactions were stopped by
addition of 10% TFA to lower the pH to 2.0. The cleaved
peptides were separated using a LdchroCART 250-̂ 4 HPLC
cartridge [Iichrospher 100 RP-8 encapped (250 X 4 mm)]

Elution Time (mm,)
A Endo Lysine C Peptide Map and Determined Peptide Sequences.

Lyl2:

Ly*):
Ly>5-
LyKS:

Lys9.
LyilO

1-D-F-A-K
Y-F-L-A-R-D-O-X-S-A
I-A-D-X-S-N-G-D-V-A-V-D-Q-F-H
D-l-A-l-M-K
L-S-A-T-X-F-K
Y-N-N-P-L-V-Y-l-T-E-N-G-l
G-S-F-X-F-l-G-L-N-Y-X-T-T-N

Elution Time (mm )
D Tryplic Pcplide Map and Determined Peptide Sequences.

TP7
TP7A:
TP7B:

TM
TP22
TP23
TP37

S-N-G-D-V-A-V-D-Q-F-H-Y-Y-N
S-N-G-D-V-A-V-DO-F-H-R
V-S-G-G-I-<N)-Q-T-G-V-D-Y-Y-N-(R)
D-W-N-L-D-A-Y
L-S-A-T-X-F-K
V-P-S-l-X-X-N-F-T
X-F-F-A-X-X-L-L-D

Fig. 1. Proteolytic peptide maps otDaibergia cochinchinensis
Pierre p-glucosldase and sequences of peptides. Purified and
deglycosylated protein was digested with endopeptidase lysine C (A)
and trypsin (B), and peptides were purified by reverse-phase HPLC
as described in "EXPERIMENTAL." Peptides him selected peaks
were sequenced by automated Edman degradation sequencing, and
the determined peptide sequences are listed below the appropriate
peptide map chromatograph. The peptide sequences are designated
by their digestion enzyme (Lys for endopeptidase lysine C or TP for
trypsin) and the peak number in the peptide map. Secondary inspec-
tion of the sequences of trypsin digest peak 7 indicated two signals,
with the sequences TP7A and TP7B as indicated. Asparagine was
not seen at position 6 of TP7B, but was derived from the nudeic acid
sequence.
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(Fig. 1). Purified peptide fractions were dried by speed vac-
uum.

From 200 pmol to 1 nmol of purified peptide fractions
were dissolved in 50% acetonitrile in water, applied to a
TFA-treated glass-fiber filter, dried under argon, and
sequenced on an automated protein sequencer (Model 473A
and 477 from ABI, Foster City, CA, USA). Some fractions
were also studied by matrix-assisted laser desorptionAon-
ization time-of-flight mass spectrometry (MALDI-TOF) on
a VG TOFSpec mass spectrometer (Fisons Instruments,
Manchester, UK). A O.S-pJ sample was mixed with 1.2 ^1 of
matrix: a 1:1 mixture of saturated a-cyano-4-hydroxy cin-
namic acid in acetonitrile/0.1% aqueous trifluoroacetic acid,
then applied to the probe, ionized with a 337 run nitrogen
laser, and accelerated with a voltage of 22 kV.

Determination of Enzyme Activities in Thai Rosewood
Tissues—Seeds were surface-sterilized in 0.1% bleach,
soaked in distilled water overnight, and germinated on
moist cheese cloth. Young leaves and stems were collected
from D. cochinchinensis Pierre trees and extracted within 1
h of collection. Tissue samples (0.3-0.5 g) were weighed,
quick frozen in liquid nitrogen, ground in a cold mortar and
pestle, mixed with 2 ml/g tissue of cold 0.05 M sodium ace-
tate, pH 5.0, 1 mM PMSF, and 5% (w/v) polyvinyl polypyr-
rolidine (PVPP), and filtered through four layers of cheese
cloth. The homogenate was then centrifuged at 8,940 Xg
(4°C) for 30 min. Dowex 2X-8 resin was added to the super-
natant up to 25% (w/v), stirred for 1 h at 4°C, and removed
by centrifugation at 8,940 Xg for 30 min. The supernatant
was either assayed immediately or stored at — 20"C until
assay. Activities toward pNP-p-glucoside and pNP-p-fuco-
side were determined as previously described (12), using a
Shimadzu UV-2100S spectrophotometer (Shimadzu, Tokyo)
to measure the p-nitrophenol absorbance at 400 run.

PCR Amplification and cDNA Cloning—The general
cloning and sequencing strategy and cloned products are
outlined in Fig. 2. Degenerate oligonucleotide primers were
designed from the N-terminal sequence and the sequences
of two internal peptides (TP7 and Lys9). The N-terminal
sequence was back-translated to the For. 1 primer, while the
TP7 peptide sequence was converted to Rev.l primer, and
the Lys9 peptide sequence to the Rev.2 primer, shown in
Table I.

D. cochinchinensis seedlings were ground in liquid nitro-
gen and RNA was extracted with Trizol reagent, according
to the recommended procedure (17). The RNA obtained was
dissolved in 0.100 ml of DEPC-treated water, and 1-5 \yg of
total RNA was reverse-transcribed into single strand cDNA
using Superscript II reverse transcriptase, with 2.5 pM.
Rev.2 primer (50 pmol per 20 JJJ), as described by the man-
ufacturer. A l-(jj aliquot of the product was used as tem-
plate for polymerase chain reaction (PCR) with 1 \iM each
of For.l and Rev.l primers, 1.5 mM MgCl;, 50 mM KC1,
0.1% Triton X-100, 0.2 mM of each dideoxy-nucleotide
(dATP, dCTP, dGTP, and dTTP) and 2.5 units of Taq poly-
merase in a 50-p.l reaction. All PCR reactions were done in
a Perkin-Elmer 480 thermocycler using a 94"C melting
temperature and 72'C as extension temperature and were
begun with 5 min melting and ended with 7 min extension.
For the initial PCR , 5 cycles of 94'C for 30 a, 37'C for 30 s,
and 72'C for 60 s were followed by 30 cycles of 94'C for 30
s, 44'C for 30 s, and 72'C for 60 a

Four oligonucleotide primers, For.2, For.3, Rev.3, and

Rev.4, were made from the sequence of the intitdal PCR
product for use in rapid amplification of cDNA ends
(RACE). A 3' RACE system kit from GIBCO-BRL was used
for amplification of the 3' end of the cDNA. The first-strand
cDNA was produced as described above, but 10 pmol of AP
(poly T) primer provided in the kit was used for priming the
synthesis. The RNA was degraded by incubating with
RNase H for 20 min at 37'C. The cDNA was first amplified
with 0.25 ixM each of For.2 and AUAP primers (Table I) in a
50-|jJ reaction, containing the other reagents as described
above. The amplification was done by 35 cycles of 94"C for 1
min, 60°C for 1 min, and 72°C for 3 min. A second amplifi-
cation used 5.0 JJLI of the first reaction as template and 10
pmol For.3 and AUAP primer, under the same conditions as
the first amplification. The product was evaluated by 1%
agarose gel electrophoresis (18) and gel-purified using the
Geneclean HI (Bio 101 Co., Vista, CA, USA) method

Similarly, the 5' end of the cDNA was amplified by 5'
RACE. Synthesis of the first strand cDNA was primed
using 1 \iM Rev.2 primer under the same conditions as 3'
RACE. After heat inactivation of the reverse transcriptase,
the RNA was digested by adding 1 unit of RNase H to the
reaction and incubating at 37°C for 20 min. The first-strand
cDNA was then purified with Geneclean III and eluted in
10 jxl of sterile, distilled water. The product was tailed with
dGTP using 25 units of terminal deoxy-transferase (TdT) in
20 JJJ of 0.5 M potassium cacodylate, 25 mM Tris-HCl, pH
6.6,0.25 mg/ml BSA, 0.1 mM DTT, 1 mM CoCL,, and 25 JJLM
dGTP incubated at 37'C for 20 min. After heat inactivation
at 70'C for 15 min, 10% of the product was amplified by
PCR with 1 pM each of Oligo dC14-SoZI and Rev.3 primers
and 5 cycles of 1-min incubation with annealing at 37'C,

TABLE I. Oligonucleotides used in cloning and sequencing.

A. Degenerate oligonucleotides used for RT-PCR
For.l 5:-GGGATCC ATKT/C/A) GA(T/C) TTfT/C) GC(N) AA(A/G)

GA(A/G) GT-3'
Rev.l 5'-GGGAAGC TT (A/G)TA (A/G)TA (A/G)TG (A/G)AA (C/

T)TG(G/A)TC-3'
Rev.2 5'-CCXA/G) TTXGT) TON) GT(A/G/T) ATXA/G) TA-3'

B. Obgonudeotides used in 3' RACE
AP 5'-GGC CAC GCG TCG ACT AGT ACT TTT TTT TTT TTT

TTTT-3'
AUAP 5'-GGC CAC GCG TCG ACT AGT AC-3'
For.2 5'-AGG TTC CTC CAT TCA ACC GAA G-3'
For.3 5'-CCA CCA ATA TCC AGA AAA GAT AGC G-3'

C. Oligonucleotides used in 5' RACE
Oligo-dCSaZI 5'-TTG TCG ACC CCC CCC CCC CCC-3'
Rev.3. 5'-AAC ATC TCC GTT GCT TCT ATC CGC-3'
Rev.4. 5'-GCT GTC CCA AAA ATG AAA TCT GA-3'

D. Oligonucleotides used for sequencing 3' RACE product and full
cDNA

For4. 5'-AGC CTT GGA GGA TGA GTA CGG T-3'
For5. 5'-TCA AAA TGC TAC CCA GCG ATA TCT-3'
For6. 5'-CGC CAT CTC TTT TAT ATT CGA TAT GC-3'
For7. 5'-GGC AAG ATG GAG CTT ATC AAC G-3'
Rev5. 5'-TTT TGT CTT TTC CTT GAT CAT CG-3'
Rev6. 5'-CGC CAG ACC TAA TTG CAT ATC G-3'
Rev7. 5'-CAT CCA CAT GTG AAG TCA AGA TAT CG-3'
Rev8. 5'-AAT TGG AAF CAA AGA TCC GCA TA-3'

E. Oligonucleotides used to amplify full coding region of cDNA
5'-Tenn 5'-CTT CCT TTC ATC TCA TGC TTG CA-3'
3'-Tenn 5'-AAA GAG AAT ACA ATT CTT TTT GGG CG-3'

F. Oligonucleotides used for cloning into pIC9K
9KF1 5'-TT AGT TAC GTA ATT GAC TTT GCA AAA GAA GTC
CGT GA-3'

9KR1 5'-TT ATT CCT AGG CAA TCA AAA GCC TTC AAT GC-3'
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Onpu l PCR

ATO

5' term

IAAAMI. Fig. 2. Map of the sequence clones and
peptide sequences of the (J-giucosidase.
The sequence of the entire mRNA (cDNA) is

AUAP represented by the top band marked mRNA.
i ** AP The primers (small arrows) used for initial re-

i AAA<A). verse transcription and PCR are indicated be-
low this band, followed by the band represent-
ing the original PCR product. Below this are
the primers designed from this sequence and

, the other primers used for 3' and 5', followed
by 3' RACE and 5' RACE products. The 5' term
and 3' term primers used for amplification of
the full coding region for sequencing and then-
amplification product are shown below this.
Other primers used for sequencing are shown
below this product, along with segments se-
quenced by direct sequencing (indicated by
long, thin arrows). These primers were also
used for sequencing the cloned RACE prod-
ucts.

followed by 30 cycles of annealing at 60*C. A second ampli-
fication was performed using 5 ul of the first reaction and
Oligo dC14-iSa/I and Rev. 4 primers under the same condi-
tions as in STIACE.

All PCR products were ligated into pGEM-T vector and
transformed into Eschericia coli DH5-a according the sup-
plier's instructions. Mini-preparations of the cloned prod-
ucts were prepared using the Wizard 373 plasmid prepara-
tion kit. The DNA was digested with Pstl and electrophore-
sed in 1% agarose to verify inserts (18). The inserts were
sequenced by automated sequencing using M13 forward
and reverse primers and internal primers derived from the
cloned sequences (Table I) on an ABI 373A DNA sequencer.

The full-length cDNA was amplified using the 5'-term
and 3'-tenn primers (Table I). The product was gel-purified
using the Geneclean HI procedure as above and sequenced
directly using the internal primers (Fig. 2 and Table I). All
sequences were determined from products of at least two
independent PCR reactions.

Sequence Analysis—Sequences were compared to the nr
database for related sequences, using the BLAST facility of
the National Center for Biotechnology Information at the
USA National Institute of Health to identify related pro-
teins (19). The translated protein sequence was aligned
with related enzyme amino acid sequences using the pro-
grams of Feng and Doolittle with the Dayhoff 250 and Blo-
sum 62 similarity matrices (20). Structural comparisons
between the Thai rosewood enzyme and the cyanogenic (3-
glucosidase from white clover (1CBG) (21) were made using
the SwissProt PDB viewer and SWISSMODEL facility
(22).

Protein Expression in P. pastoris—The cloned (3-glucosi-
dase cDNA was amplified with the primers listed in Table
IF to introduce a SnaB site at the amino terminal of the
mature protein and an Ayrll at the 3' end of the coding
region, using Pfu polymerase, and sequenced to confirm
sequence integrity. The cDNA was then digested and cloned
into the SnaB and Ayrll sites of the pIC9K plasmid accord-
ing to standard methods. The plasmid was transformed
into P. pastoris strain GS115 according to the supplier's
procedure. Transformants were grown on histidine-free
media to select those integrating the DNA. Selected clones
were then grown in BMMY medium, and cells were sepa-
rated from media by centrifugation (4*C). Cells were lysed

by vortexing with glass beads, and soluble and insoluble
fractions were separated by centrifugation (4'C) according
to the supplier's directions (Invitrogen). The media, soluble
and insoluble cell lysates were tested for p-glucosidase ex-
pression by pNP-p-glucoside and pNP-p-fucoside hydrolysis
(12). Clone 16, expressing fj-glucosidase activity, was grown
in 200 ml of BMM supplemented with methanol to induce
protein production, according to the recommended method
(Invitrogen), and the culture was harvested after 3 daya
The cells were removed by centrifugation, and the medium
was supplemented with 1 mM PMSF and 1 mM EDTA and
concentrated to 7 ml by ultrafiltration (10,000 MrC0) at
4°C. The medium was then washed six times with i00 ml of
1 mM PMSF, 1 mM EDTA to remove medium components.
Concentrated medium was characterized by non-denatur-
ing gels and stained for activity with MU-glucoside as pre-
viously described (13). Kinetic parameters (Km and V J
were determined using pNP-glucoside, pNP-fucoside, and
dal(X>chinin-8'-O-3-glucoside as substrates by pNP and glu-
cose production as previously described (13,15).

Thin Layer Chromatography—Thin layer chromatogra-
phy (TLC) was performed to visualize products of pNP-p-
glucoside and dalcochinin 8'-O-p-glucoside hydrolysis using
0.2 mm C18 reversed-phase gel (RP-18) from Merck. Por-
tions of 5 mU of concentrated media, purified enzyme from
seed, cassava linamarase, or almond (J-glucosidase were
incubated with 2 mM final concentration of dalcochinin 8'-
O-fJ-glucoside and pNP-Glc in 100 mM sodium acetate, pH
5.0 at 37*C for 1 h. Reaction mixtures (7 JJJ) were spotted
on the TLC plate and chromatographed vertically using
acetic:methanol:water (1:4:5 by volume) mixture for 30
min. The plate was sprayed with concentrated ELjSO4 and
baked at 105*C for 15 min to visualize the reaction prod-
ucts.

RESULTS AND DISCUSSION

Protein Sequencing and Analysis—The p-fucosidase/f}-
glucosidase purified from seeds of D. cochinchinensis Pierre
was shown to be homogeneous by SDS-PAGE and native
gel electrophoresis (13). The protein was deglycosylated
with endo-F/endoglycosidase F, which decreased its appar-
ent MT on SDS-PAGE from 66,000 to 63,000. After purifica-
tion, the deglycosylated protein was sequenced by auto-
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- 3 0
3 ' T e r m ^ " * -

AAACAGAATCATCATCCTTCCTTTCATCTC

1 AICCTTO«ATGACATCCAAGGCGATTrrGCTTCTCGGCCTCTTGGCCCTTGTTAGCACTTCGGCTTCTATTCAC
H L A H T 3 K A I L L L C L L A L V 3 T 3 A 3 I D 2 5

For.2 — • "^—Rev.4
7 6 TTTGCAAAAGAAGTCCGTGAAACCATTACTGACOTTCCTCCATTCAACCGAAOCTGTTTTCCTTCAGATTTCATT

F A K E V R E T I T E V P P F N R S C F P 3 D F I SO
Lys#2 •

1 5 1 TTTGGGACAGCATCCTCCTCGTACCAGTATGAAGGTGAGGGCAGAGTACCAAGTATATGGGATAACTTCACCCAC
F G T A S S S Y Q Y E G E G R V P 3 I H D N F T H 7 5
F o r . 3 —+• • * — R e v . 3 TP#23 •

22 6 CAAtATC«GAAAACATAGCCGATAGAACCAACCGAGATGTTGCAGTTGACCAATTTCACCGCTATAAGAAGGAT
Q Y P E K I A D R S N G D V A V D Q F H R Y K K D 1 0 0

Lysf4 TP#7(A)
3 0 1 ATTC^AATCATGMGGATATGAACTTGGATGCTTATAGAATGTCCATCTCCTGGCCTAGAATTCTCCCAACGGGT

I A I H K D H H L D A Y R H S I S U P R I L P T G 125
LysfS TPI9

3 7 6 AGGGTTAGTGGAGGCATAAACCAAACAGGAGTTGACTACTACAACAGGCTCATCAATGAGTCACTGGCCAATGGC
R V _ _ S _ . G _ G _ _ I _ N. _ Q _ _ J _ C_ _ V _ JD _ Y_ _ Y _ N _ R L I N E S L A N G I S O

* T P # 7 ( B ) For. 4^+ *
4 5 1 ATAACACCATTTGTAACCA1 1 11 ICATTGGGATCTTCCACAAOCCTTGGACGATCAGTACCOTGGCTTCTTAAAT

I T P F V T I F H M D L P Q A L E D E Y G G F L N 1 7 5
-•—" R e T . 8 *

52 6 C ATAGCGTrGTAAATGATTTCCAAGACTAIGCOGAICTTTOCTTCCAATTATTTGGAGATAGGGTAAAGCATrGG
H S V V N D F Q D Y A D L C F Q L F G D R V K H H 2 0 0

6 0 1 ATTACACTAAATGAGCCATCAATCTTCACCGCGAA-rcGCTATGCATACGGTATGTTTGCACCAGGTCGATGTrCT
I T L N E P S I T T A N G Y A Y G H F A P G R C S 2 2 5

67 6 CCATCGTACAATCCAACTTGCACAGGTGGGGATGCAGGAACAGAGACTTATCTGGTTGCGCACAJICCTGATCCTT
P 3 Y N P T C T G G D A G T E T Y L V A H N L I L 250

Fig. 3. Nucleic acid and pro-
tein sequence of the D. co-
chinchinensis fS-glucosldase,
Genbank accession, AF-
163097. Peptddes are under-
lined and labeled under the se-
quences. Possible glycosylation
sites are marked by stars and
the site confirmed by mass-spec-
troscopy and peptide sequenc-
ing is in bold. Primer sequences
are indicated by bold print in
the nucleotide sequence.

7 5 1 TCTCATGCAGCAACTGTCCAAGTGTACAAAAGGAAGTATCAGGAACATCAGAAAGGTACAATAGGCATTTCCTTG

3 H A A T V Q V Y K R K Y Q E H Q K G T I G I S L 2 7 5

For.3^^-
8 2 6 CACGTAGTTTGGGTTATACCGCTTTCAAATAGCACATCAGAICAAAAICCTACCCAGCGATATCTTGACTTCACA

H V V W V I P L S N S T 3 D Q N A T Q R Y L D F T 3 0 0
-•—Rev.7 * *

9 0 1 TGTGaATGGTTTATGGACCCACTTACAGCAGGAAGGTATCCAGATAGCATGCAATATCTAGTTGGAGATCGATTG
C G W F H D P L T A G R Y P D S H Q Y L V G D R L 3 2 5

9 7 6 CCTAAGTTrACTACAGATCAAGCCAJlATTACTCAAAGGTTCATTTCATTrrATTCCACTAAJiCTATTACACCACT
P K F T T D Q A K L V K G 3 F D F I G L N Y Y T T 3 5 0

LysflO
1 0 5 1 AACTATGCTACCAAATCGGATGCGTCAACATCCTGCCCACCTAGTTACCTCACAGATCCTCAAGTCACTCTCTTA

N Y A T K S D A 3 T C C P P 3 Y L T D P Q V T L L 3 7 5

112 6 CAGCAACGCAATGGGGTCTTTATAGGTCCAGTGACTCCCTCAGGATGCATGTGCATTTATCCAAAAGGACTTCGA
Q Q R N G V F I G P V T P S G U M C I Y P K G L R 4 0 0

1 2 0 1 GATTTGTTtKTTTACTTCAAGGAAAAGTATAACAATCCTTTGGTTTACATCACTGAAAATGGTATAGATGAGAAG
D L L L Y F K E K Y W N P L V Y I T E N G I D E K 4 2 5

Lysf9 F o r . 6 — • •
1 2 7 6 AATGATGCATCACTATCACTTGAGGAJLTCCTTGATAGACACTTATAGAATTGATAGTTATTATCGCCATCTCTTT

N D A S L 3 L E E 3 L I D T Y R I D 3 Y Y R H L F ISO
- ^ — R e v . 6

1 3 5 1 TATGTTCGATATG<J«TTAGGTCTGGCCC/AATGTGAAAGGATTTTTTGCATGGTCATTCTTGGACAACTTTGAA
Y V R Y A I R 3 G A N V K G F F A B 3 L L D N F Z 4 7 5

Tp#37

1 4 2 6 TGGGCTGAGGGTTATACATCACGATTTGGATTATATTTTGTGAACTACACTACTTTGAATACATATCCCAAGCTC
W A E G Y T S R F G L Y F V N Y T T L N R Y P K L 5 0 0

* F o r . 7 —+•
1 5 0 1 TCTGCAACATGGTrCAlGTATTTTCTGGCACGTGATCAAGAGAGTGCTAAATTGGAAATTTTAGCACCAAAGCCA

3 A T H F K Y F L A R P Q E S A K L E I L A P K A 5 2 5
I y s f 6 Tp#22 Lys /3 ^ R e v . 3

1 S 7 6 AGATGCAGCTTAiauVCGAIGATCAAGGAAGAAAAGACJUUlACCCAAGAGGGGCATTGAAGGCTrTTGArrGTGT
R W S L S T H I K E E K T K P K R G I E G r 5 4 7

1 6 5 1 TTAGTTTATTTAGTTTATGGATTTGATAGATTACTTTATTrTGATTGTATTTGTCTCACTAAGAATATAGTTGTG
1 7 2 6 TTTTAATAJLGGTGTATACCCTTATGGGTrTGCTTAGTTCATATTTATGCTGGTAAGT 11 I IA11 I 1 lATTTAGTT
1 8 0 1 TACTGAGTCGGCTTAAGTGCCTCCCTGAGTTTCGCCGTCTTTGTAGGGGGATGTATATAGTTGTCCCCCCCAAAA
1 8 7 6 AGAATTGTOIICGCTTIICTCTTATTTATTCTATTTXXTTrTGTTTTCGGTT

•^—" 3 ' t e r m
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mated Edman degradation to yield the N-terminal se-
quence: IDFAKEVR. Endopeptidase lysine-C and trypsin
peptides were separated by HPLC as shown in Fig. 1, A
and B, respectively. The sequences determined by Edman
degradation are indicated beneath the peptide maps of Fig.
1.

To determine the best tissue from which to extract RNA
for PCR cloning, crude enzyme was extracted from several
tissues and the relative amounts of p-glucosidase and p-
fucosidase activities were determined. Both dried seeds,
from which the enzyme was originally extracted, and ger-
minated seeds had greater than 100 times the level of p-
glucosidase activity found in leaf, stem, and shoot tip and
approx. 450 times the levels of (J-fucosidase activity found
in these tissues. Dried and germinated seeds each had a
2.2-fold ratio of activity toward 1 mM pNP-p-D-fucoside
compared to activity toward 1 mM pNP-p-D-glucoside, in
agreement with the previously characterized enzyme puri-
fied from dried seeds (12,13). Leaves, stems, and shoots, in
contrast, had much lower levels of p-fucosidase relative to
P-glucosidase, indicating that other p-glucosidases may
predominate in these tissues. Germinated seed had twice
the activity per seed, indicating that the enzyme was newly
synthesized or activated during germination. Therefore,
germinated seeds were used to prepare RNA for RT-PCR
cloning of the p-glucosidase cDNA

RT-PCR of RNA prepared from germinated D. cochin-
chinensis seeds amplified with the For.l and Rev.l primers
designed from the N-terminal and TP7 peptide sequences
produced a specific product. The sequence of this cloned
product contained 224 bp, including the primer sequences,
which translated to 74 amino acids at the amino terminal
of the mature p-glucosidase sequence. The derived protein
sequence included the Lys4 and TP23 peptide sequences in
addition to the N-terminal and TP7 sequences in the For.l
and Rev.l primers (Fig. 3). RACE yielded the sequences of
the 5' and 3' ends of the cDNA, which indicated a total
cDNA length of 1,906 nudeotides, most of which was se-
quenced directly to eliminate errors in PCR amplification
(Fig. 3, Genbank accession AF163097) (23).

This sequence included an uninterrupted reading frame
coding for 547 amino acids, starting from the first AUG Met
codon and ending with a TGA stop codon. It also included
the iV-terminus of the mature protein and a 23 amino acid
pre-sequence, starting from the first methionine (Fig. 3).
The pre-peptide included a typical signal sequence for
transport into the endoplasmic reticulum. After the stop
codon, there were 292 nudeotides of putative 3' untrans-
lated region before the polyA tail, corresponding to the
reverse transcription primer.

Analysis of Peptide Sequence—The sequence also in-
cluded the sequences of the Lys2, Lys3, Lys4, Lys5, Lys6,
Lys9, LyslO, TP9, TP22, and TP37 peptides (see Fig. 3).
However, some nudeotides in the Rev.l primer used to
amplify the initial PCR fragment did not match the new
sequence. Notably, the amino acid sequence VDQFHRYK
was found, instead of the VDQFHYYN of the TP7 peptide
sequence used to design the primer. Inspection of the trans-
lated cDNA sequence revealed another predicted tryptic
peptide, starting from the valine at residue 127, with the
sequence YYN in positions 12 to 14 (as in TP7). Closer
inspection of the protein sequencing chromatographs indi-
cated minor peaks in cydes 1-11 consistent with the

sequence VSGGINQTGVDYYN (peptide T7B in Figs. 1 and
3), and a small arginine peak at cyde 12 (consistent with
the TP7A sequence of Figs. 1 and 3). However, no aspar-
agine peak was seen in cyde 6.

MALDI-TOF mass spectrometry of the HPLC peak frac-
tion (Fig. 4) indicated two peaks at 1,345.5 amu, consistent
with the sequence SNGDVAVDQFHR (TP7A), and 1,846.9
amu, consistent with VSGGINQTGVDYYN (TP7B) plus
one iV-acetyl-glucosamine. That the protein was deglyoosy-
lated by endoglycosidase F, which leaves one JV-acetyl-glu-
cosamine residue, and that the Edman degradation did not
provide the predicted Asn peak at cyde 6, suggest that
AsnlO9 is indeed a site of iV-linked glycosylation.

Sequence Comparison—BLAST search of the NCBI nr
database showed that the protein was most closely related
to glycosyl hydrolase family 1 plant p-glucosidases (7, 16).
Phylogenetic analysis indicated that dalcochinin 8'-O-gluco-
side p-glucosidase is clustered with the dicotyledon de-
fense-related P-glucosidases, such as linamarase and amyg-
dalin and prunasin hydrolases. The mature protein showed
highest identities with the white dover cyanogenic and
noncyanogenic p-glucosidases (60 and 56%, respectively)
and the black cherry • amygdalin hydrolase isoform AH I
(56%). Due to the high sequence identity with the cyano-
genic p-glucosidase from white clover, the dalcochinase is
expected to have an (a/p)8 barrel structure, very similar to
the crystallographic model for that protein (1CBG) (21).

The alignment (Fig. 5) showed that the glutamic acids
previously identified as the catalytic nucleophile and the
catalytic add are conserved in the D. cochinchinensis pro-
tein at positions E 396 and E 182, respectively, of the
mature protein (E 419 and E 205 of the precursor protein).
Glutamate 396 was postulated to be the catalytic nudeo-
phile due to its homology to Glu358 in the p-glucosidase
from Agrobacterium, which has been shown to act as the
catalytic nucleophile (24). Similarly, Glul82 was homolo-
gous to Glul98 of the cassava cyanogenic p-glucosidase,
which was shown to be the catalytic proton donor in that

1 . C 1
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Fig. 4. Mass spectrum of the tryptic digest HPLC fraction
TP7. The fraction was isolated by HPLC and the mass spectrometry
conducted by matrix-assisted laser desorption/ionization with time-
of-flight mass analysis (MALDI-TOF). The two major peaks are la-
beled with their molecular weights (m/z with z = 1) and associated
peptide sequence. Predicted masses are: TP7A (SNGDVAVDQFHR),
1,344.6 amu; and TP7B (VSGGINQTGVDYYNR with iV-acetyglu-
cosamine), 1,845.9 amu.
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Thai Rosewood fi-Glucosidase Sequence 1005

DCDBGLU
1CBG
BCAHI
BCPH
NCBGLU
CVNCBGLU
CVCBGLU
BBGQ60
MYRMB3
AGROBGLU

d
IUFAKEVRETITEV PPFHR3CFPS DFIFGTASSSYQYKC KGIWPSIWDHFTHQYPEKI Mlkr,IIC;nVAVDOFHRYKKDIAlHKUHIIL

FKPLPISFDDF SDLNRSCFAP GFVFGTASSAFQYEGAAmXiKGPSIWDTFTHKYPEKI KI7PTI1GDVAI DBYHRYKEDICIHKDHHL
AKTDPPIHC ASLNRSSFDALEPGFIFGTASAAYQFEGAAKE1X;RGPS1WDTYTHNHSEP.I WXi.OHGDVAVDQYHRYKEDVRIHKKMGF

HTHAAGTYPPWCATLNRTHFDTLFPGFTFGAATAAYOLEGAAlllUGRGPSVWDMFTHEHPEr.I TUGSHGDVAIDOYHRYKEDVAIMKDHGL
VEASTLLDI GNLSRSSFPR

FDUDFIP LHFSRSYFPD
TDDDDDNIP DDFSRKYFPD

I'l.ECDGPNPNPEIGNTGGLSRQGFPA
UF.E1TCEENEPFTCSNTDILSSKNFGK

HTDP NTLA ARFPG

GFIFGAGSSAYQFEGAVNEGGHGP5IWDTFTHKYPEKI PDGSHADITVDQYHRYKEDVGIHKDQHM
DFIFGTATSAYQIEGAAHKFGRGASVWDTFTHQYPEP.I LDHSTGOVADGFYYRFKGDIOHVKNMGF
DFIFGTATSAYOIEGEATAKGRAPSVWDI FSKETPDP.I LrXWHGDVAVDFYNRYIQDIKNVKKHGF
GFVFGTAASAYQVEGMAROGT.RGPCIWDAFV AIQGHI AGHGTADVTVDEYHRYKEDVGIHKNMGF
DFIFGVASSAYQIEG GRGRGVMVWDGFSHRYPEKSGSDLKHGDTSCESYTRWKKDVEIMGELHA
DFLFGVATASFQIEGSTKADGRKPSIWDAFCNH PGHV FGRHHGDIACDHYNRWEEDLDLIKEHGV

O d •=> dZD d
DCDBGLU
1CBG
BCAHI
BCPH
NCBGLU
CVNCBGLU
CVCBGLU
BBGQ60
HYRHB3
AGROBGLU

DAYRHSISWPRILPTGRVSGGINQTGVDYYNRLINESLANGITPFVTIFHVIDLPOALEDEYGGFLNHSVVHDFQDYADLCFQLFGDRVKHmTLMEP
DAYRFSISHPRVL
DAYRFSISWSRVL

NAFRFLISMPRVIPSGTRREGINEQGIEFYNKVINEIINOGMEPFVTIFHWDTPOAIEDKYGGFLSAHIVKDYREYADLLFERFGDRVKFWMTFNEP

DAYRFSISWSRIFPDGT GKVNQEGVDYYHRLIDYMLQOGITPYANLYHyDLPLALHQQYLGWLSPKIVGAFADYAEFCFKVFGDRVKNWFTFtJEE

EAYP.FSLAWPRIIPDG FGPINEKGLDFYDRLVDGCKARGIKTYATLYHWDLPLTLHGD GGWASRSTAHAFQRYAKTVHARLGDRLDAVATFHEP

DCDBGLU
1CBG
BCAHI
BCPH
NCBGLU
CVNCBGLU
CVCBGLU
BBGQ60
MYRMB3
AGROBGLU

d
EIFTANGYAYGHFAPGRCSPSY
HWSMNAYAYGTFAPGRCSDWL
.YTFSSSGYAYGVHAPGRCSAWQ
YTVSNHGYTIGIHAPGRCSCHY
WVFSNSGYALGTNAPGRCSA
WSLSGFAYDDGVFAPGRCSSWV
SMTV'GFAHDDGVFAPGRCSSWV
RTVAALGYDNGFHAPGRCS

NPTCTGGDAGTETYLVAHNLILSHAATVQVYKRKYQEHQKGTIGISLHWWVIPLSNST SDONATQRYLDFT
KLNCTGGDSGREPYLAAHYQLLAHAAAARLYKTKYQASQNGIIGITLVSHMFEPASKEK ADVDAAKRGLDFM
KLNCTGGNSATEPYLVTHHQLLAHAAAVKLYKDEYQASQNGLIGIILVSPHFEPASEAE EDINAAFRSLDFI
DPTCLGGDSGTEPYLVTHHLLLAHAAAVKLYREKYQASQNGVIGITIVSHWFEPASESQ QDKDAASRALDFM
SNVAKPGDSGTGPYIVTHNOILAHAEAVHVYKTKYQAYQKGKIGITLVSNWLMPLDDNSIPDIKAAERSLDFQ
NRQCRAGDSATEPYIVAHHLLLAJ1AAAVKIYREIJYQETQNGKIGITLFTYWFEPLSNST DDMQASRTALDFM
NRQCLAGDSATEPYIVAHNLLLSHAAAVHQYRKYYQGTQKGKIGITLFTFWYEPLSDSK VDVQAAKTALDFM
KCPAGGDSRTEPYIVTHNIILSHAAAVQRYREKYQPHQKGRIGILLDFVWYEPHSDTD ADQAAAQRARDFH

YTVPTRGYALGTDAPGRCSPKVDTKQRCYGGNSSTEPYIVAHNQLLAHAAIVDLYRTNY AFQNGKIGPVHITRWFLPYDESDPACIEAAERMNQFF
KCA7WLSHLYGVHAPG ERHHEAALAAHHHINLAHGFGVEASR HVAPKVPVGLVLUAHSAIPASDGE ADLKAAERAFQFH

DCDBGLU
1CBG
BCAHI
BCPH
NCBGLU
CVNCBGLU
CVCBGLU
BBGQ60
HYRMB3
AGROBGLU

CGWFMDPLTAGRYPDSHQYLVGDRLPKFTTDO.AKLVKGSFDFIGLNYYTTNYATKSDA
LGWFHHPLTKGRYPESMRYLVRKRLPKFSTEESKELTGSFDFLGLNri'SSYYAAKAPR
FGWFMDPLTNGNYPHLMRSIVGERLPNFTEEQSKLLKGSFDFIGUiynTRYASNAPK

FGLFMEQLTTGDYSKSMRRIVKNRLPKFSKFESSLVNG5FDFIGi:iYYSSSYISNAPS
FGLMMDPITYGRYPRTVQYLVGNRLLNFTEEVSHLLRGSYDFIGLQYYTSYYAKPNAP
FGLHHDPMTYGRYPRTHVDLAGDKLIGFTDEESQLLRGSYDFVGLOYYTAYYAEPIPP
IGHFLDPITNGRYPSSMLKIVGNRLPGFSADESRHVKGSIDYVGIHQ^TSYYMKDPGA
NGAFFDPVTKGRYPDIMRQIVGSRLPNFTEAEAELVAGSYDFLGLHYYVTQYAKPKPNP
NGAFFDPVFKGEYPAEMMEALGDRMPWEAEDLGIISQKLDWWGLWYn'PMRVADDA

STCCPPSYLTDPOVTLLQ QRNGVFIGPV TPSG
IPNARPAIOTDSLINAT FEHNGKPLGPM AASS
ITSVHASYITDPQVNATA ELKGVPIGPM AASG

AASD
HGNAKPSYSTNP HTNISFEKHGIPLGPR AASI
YDPNHIRYLTDNRVTETPYDYNGNLIGPQ AYSD
VDPKFRRYKTDSGVNATPYDLNGNLIGPQ AYSS
WNQTPVSYQDDWHVGFV YERNGVPIGPR ANSD
YPSETHTALHDAGVDLTFNNSRGEYPGPVFAEDA

TPGVEFPA TMPAPAVSDVKTDIG

OL O
DCDBGLU
1CBG
BCAHI
BCPH
NCBGLU
CVNCBGLU
CVCBGLU
BBGO60
MYRMB3
AGROBGLU

HMCIYP
HLCIYP
MLYVYP
HLYVYP
WIYVYP
MFYIFP
WKYIFP
WLYIVP
NSYYYP
WE VYA

KGLRDLLLYFKEKYNNPLVY ITIHGIDEKNDASLSLEES LIDTYRIDSYYRHLFYVRYAIRS GANVKGFFAWSLLDNFEWAE
QGIRKLLLYVKNHYNNPVIY ITEMGRNEFNDPTLSLQES LLDTPRIDYYYRHLYYVLTAIGD GVNVKGYrANSLFDNHEHDS
KGIHDLVLYTKEKYNDPLIY ITSNGVDEFNDPKLSMEEA LKDTNRIDFYYRHLCYLOAAIKK GSKVKGYFAWSFLDNFEWDA
KGLYDLVLYTKEKYNDPVMY ITTNGMDEFNNPKLSLEEA LDDANRIDYYYRHLCYLOAAIKE GANVQGYFAHSLLDNFEMSE

WIYVYPYMFIQEDFEIFCYILKINITILQFSITXNGMNEFNDATLPVEEA LLNTYRIDYYYRHLYYIRSAIRA GSNVKGfTTAHSFLDCNEHFA
ESIRHLLNYTKDTYNDPVIY ITSHGVDNQNNETEPIODA VKDGFRIEYHRKHMHNALGSLKFYHVNLKGYFAHSYLDNFEWNI
KGIRHFLNYTKDTYNDPVIY VTONGVDNYNNESOPIEEA LQDDFRISYYKKHMWNALGSLKNYGVKLKGYFAWSYLDNFEHNI
KGMNKAVTYVKERYGNPTMI LSINGMDQ PGNVSIADG VHDTVRIRYYRDYITELKKAIDN GARVAGYTAWSLLDNFEHRL
KGIYYVMDYFKTKYNNPLIY ITENGIST PGSESRCEA IADYKRINYLCSHLCFLRKVIREKGVNIRGYFAWALGDNYEFCK
PALHTLVETLYERYDLPECY ITENGACY NMGVENGOVNDOPRLDYYAEHLGiyADLIRD GYPMRGYFAHSLHDfJFEWAE

.O. 0 ' Percent ID
DCDBGLU GYTSRFGLYFVNY TTLNRYPKLSATWFKYFLARDQESAKLEILAPKARWSLSTWIKEEKTKPKRGIEGF
1CBG GYTVRFGLVFVDFKHNLKRHPKLSAHMFKSFLKK 60.1
BCAHI GYTVRFGINYVDYNDNLKRHSKLSTYWFTSFLKKYERSTKEIQHFVESKLEHOKFESOMMNKVQSSLA\'W 56.5
BCPH GYTVRFGINYIDYDNGLERHSKLSTHWFKSFLKRSSISKXKIRRCGNNNAKATKF VYOH 55.8
NCBGLU GFTVRFGLHFVD 56.2
CVNCBGLU GYTARFGLYYVDYNNNLTRIPKDSAYWFKAFLU PENITKTTRTVSWDSRKAGKF YIH 48.7
CVCBGLU GYTSRFGLYYVDYKNHLTRYPKKSAHWFTKFLmSVNAHNIYELTSKDSRKVGKF YVM 48.8
BBGQ60 GYTARFGIVYVDF NTLKRYPKDSALWFKNMLSEKKRS 4 9.8
MYRMB3 GFTVRFGLSYVHWDDLDDRNLKESGKWYORFINGTAKNPVKQDFLRSSL3SQSQKKRLAC 44.6
AGHOBGLU GYRHRFGLVHVDYQTOV RTVKNSGKHYSALASGFPKGNHGVAKG 36.1

Fig. 5. Multiple sequence alignment of D. cochinchinensis P-
glucosidase with related enzymes. The sequence of the mature
protein for the D. cochinchinensis p-glucosidase is aligned with those
of closely related mature proteins, plus white mustard myrosinase
and Agrobacterium (3-glucosidase, in which the catalytic nudeophile
was originally identified. Stars indicate residues that are completely
conserved among the sequences. The catalytic nudeophile (Glu395)
and catalytic acid/base (Glul82) are indicated in bold font and other
residues found within 6 A of these residues in the cyanogenic P-glu-
cosidase (1CBG) crystal structure are shaded. The secondary struc-
ture derived from the 1CBG X-ray crystal model is diagrammed

above the sequences as arrows for (J-strands and cylinders for a-heli-
ces. The sequences (and nr accessions) are: DCDBGLU, D. cochinchin-
ensis fj-glucosidase (dalcochinase, AF163097); 1CBG, white clover
cyanogenic f}-glucosidase (1311386); BCAHI, black cherry amygdaUn
hydrolase AH-K833835); BCPH, black cherry prunasin hydrolase
(1236961); NCBGLU, white clover non-cyanogenic p-glucosidase,
(114974); CVNCBGLU, cassava non-cyanogenic 6-glucosidase
(1155090); CVNCBGLU, cassava cyanogenic p-glucosidase (linama-
rase) (249262); BBGQ60. barley ^-glucosidase BGQ60 (136216);
MYRMB3, white mustard myrosinase 3D (127734), Agrobacterium
sp. (strain ATCC 21400) p-glucosidase (114966).
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enzyme (25). Though these exact positions have not been
shown experimentally, the carboxylic acid residues are con-
sistent with the inhibition of the enzyme by mercuric com-
pounds and CBE (13,14).

Other residues reported to be near the active site of the
white clover cyanogenic p-glucosidase were largely con-
served in the dalcochinase (Fig. 5). Of the residues noted by
Barrett et al. (21) to surround the active site, only Val254 of
the white clover enzyme is replaced (by His253) in the dal-
cochinase. This change may result in a less hydrophobic
environment for Glul82, which was proposed to be in a
hydrophobic pocket in the 1CBG structure. Serl84, which
is Trp in the 1CBG structure, is also predicted to be within
6 A of the active site, based on homology. These residues lie
between the catalytic residues and the protein surface in
the cleft where the aglycone is likely to bind, so they might
also influence the substrate specificity. A substitution of Ser
for Trp may allow the large rotenoid structure of dalcochi-
nin to fit into this cleft more easily and interact with the
many aromatic residues in this region. The smaller struc-
tures of linamarin and lotaustralin, the substrates for the
white clover enzyme, may allow the Trp to fit in this posi-
tion, although cassava linamarase has Ser at this position
as well (Fig. 5). More structural and functional studies will
be necessary to elucidate which amino acids contact the
aglycone in the entrance to the catalytic pocket and account
for the differences in specificity between these enzymea

The alignment also showed that all the cysteines found
in the 1CBG structure are conserved, and additional cys-
teines are found at positions 278, 338, and 339 in the
mature dalcochinase. The significance of the conservation is
unclear, since only one pair is predicted to form an internal
disulfide, but these cysteines are near the surface in 1CBG,
and interchain disulfides may stabilize the quaternary
structure. Indeed, protein of higher MT is found on SDS-
PAGE when no reducing agent was added (result not
shown).

An increase in electrophoretic mobility on SDS-PAGE
after treatment with endo F (from an apparent MT of
66,000 to 63,000) together with the observed AMinked
sugar in the TP7B peptide indicated that dalcochinase is a
glycoprotein, which passes through the endoplasmic reticu-
lum and is iV-glycosylated. This, and the presence of a sig-
nal sequence in the prepeptide, suggest that the protein
may be localized in the secretory organelles, vacuole, or out-
side the cells. Other p-glucosidases have been found in the
cytoplasm and plastids as well as in the lysozome and asso-
ciated with the cell wall (1-4, 26, 27). It will be interesting
to further characterize the cellular location of the enzyme
and its substrate, since many defense-related p-glucosi-
dases are found in separate compartments from their sub-
strates.

A total of eight possible sites of iV-linked glycosylatdon
were identified in the sequence (Fig. 3). This is the same

number of sites as are seen in the white mustard myrosi-
nase crystal structure and significantly more than the four
possible sites seen in the 1CBG protein (28). As both dal-
cochinase and white mustard myrosinase are found in
seeds, while 1CBG is found in white clover leaves, this sup-
ports the suggestion of Burmeister et al. (28) that the high
level of glycosylation may support solubility in the rela-
tively dry seed environment.

The evolutionary relationship with p-glucosidases that
generate noxious compounds suggests that the dalcochi-
nase enzyme may also play some role in defense against
herbivores, as does its substrate, which is similar to the re-
spiratory inhibitor rotenone. This role is being investigated
by studies of the bioactivity of the substrate. The apparent
specificity of expression of enzyme activity in seeds and
young plants will also need to be explored further to deter-
mine the biological significance of the enzyme. p-Glucosi-
dases have also been implicated in activation of cytokinin
growth factors and phosphate stress response (8, 9). So, it
is not yet possible to rule out the possibility that the en-
zyme and its substrate have a role in growth or environ-
mental interactions apart from defense against herbivores.

Recombinant Protein Expression and Characterization—
To test whether the cloned gene had the same catalytic
properties as the enzyme purified from the plant, the
recombinant protein was expressed from the cloned cDNA.
Attempts to express the protein in E. coli resulted in only
insoluble, inactive protein, so the protein was expressed in
the yeast P. pastoris by fusing the mature protein coding
region of the D. cochinchinesis p-glucosidase to the Saccha-
romycees cervisiae alpha mating factor prepropeptide. As
shown in Table II, upon induction, p-glucosidase activity
was detected both inside the cell and in the medium. A
Pichia P-glucosidase was also found inside the cell, how-
ever, the P. pastoris enzyme did not hydrolyse pNP-fucoside
and was not found in the medium. Recombinant p-glucosi-
dase was concentrated from the medium and shown to
hydrolyze pNP-glucoside and dalcochinin p-glucoside, as
did the enzyme from seed, but control medium concentrate
could not hydrolyze these substrates (Fig. 6). Almond p-glu-
cosidase and cassava linamarase did not detectably hydro-
lyze dalcochinin P-glucoside, demonstrating the unique
substrate specificity of the Thai rosewood p-glucosidase,
which was exhibited by the recombinant enzyme.

TABLE II. p-Glucosidase and p-fucosidase expressed in
Pichia pastoris.

Recombinant cell extract
Recombinant medium
Nonrecombinant cell extract
Nonrecombinant medium

•N.D. means not detectable

B-Glucosidase/ml
culture

0.048 U
0.077 U
0.003 U
N.D.'

P-Fucosidase/ml
culture

0.102 U
0.186 U
N.D.'
N.D.'

TABLE III. Kinetic parameters for recombinant and seed-derived enzyme.

SuhEtrntc

pNP-fJ-D-glucoside
pNP-p-D-fucoside
Dalcochinin 8'-O-p-glucoside

•Values for seed-purified enzyme are taken

K,(mM)
Recombinant
5.78 ± 0.20
0.52 ± 0.06
1.08 ± 0.08

from Refe. 13 and 15.

Seed"

5.37
0.54
1.68

± 0.09
±0.04
± 0.11

V _ relative
Recombinant

1
0.48
1.34

to pNP-glucoside

Seed"

1
0.49
1.06
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To further characterize this activity, the K^ values for
hydrolysis of pNP-glucoside, pNP-fucoside, and dalcochinin
p-glucoside by the recombinant p-glucosidase was deter-
mined. As shown in Table II, the recombinant enzyme had
the same K^ for pNP-glucoside and pNP-fucoside and a
slightly lower K^ for dalcochinin p-glucoside (1.08 mM vs.
1.68 mM) compared to the p-glucosidase purified from
seeds. The ratio of V ^ for pNP-glucoside compared to
pNP-fucoside was 2:1 for the recombinant enzyme, very
similar to that of the enzyme from the seed. So, the cata-
lytic properties of the recombinant protein are almost indis-
tinguishable from those of the seed-derived protein. The
difference in i ^ for the natural substrate is small and may
be due to differences in the batch of substrate, which must
be weighed for the assay. Different batches may have differ-
ent water contents, which could affect the determination.
However, the difference could also reflect differences in
post-translational modification, such as glycosylation, in P.
pastoris compared to the plant seed. In fact, the recombi-
nant protein gave a very broad band of activity staining on
a nondenaturing gel (data not shown), which may be due to
variable glycosylation and possibly proteolytic processing
(29).

To our knowledge, this is the first-report of the produc-
tion of a plant p-glucosidase in P. pastoris (29). Previously,
cassava linamarase was produced as a fusion protein with
glutathione-S-transferase (GST) at low activity levels (30)
and the unglycosylated maize chloroplast p-glucosidases
have been expressed as free proteins at relatively high lev-
els in E. coli (31). However, many characterized plant p-
glucosidases are glycoproteins that may not express well in
bacterial systems. So, P. pastoris and other yeast systems
may provide a better expression system for these proteins.
However, the presence of an endogenous p-glucosidase ac-
tivity in P. pastoris suggests secretion systems such as ours
may work better than expression of the protein within the

1 2 3 4 3 6 7 8 9 10 11 12

Glucose

pNP-P-glucojide

Dalcochinin [}- glucoside

Dalcochinin

• t ft

* •

Fig. 6. TLC of products of dalcochinin p-glucoside and pNP-p-
glucoslde hydrolysis by recombinant and pure p-glucosi-
dases. Substrates (2 mM) were incubated with enzyme, and sam-
ples of 7 (jJ were loaded onto reverse-phase TLC and developed as
described in "EXPERIMENTAL." Lanes are as follows: 1, glucose
standard; 2, dalcochinin 8'-O-p-glucoside standard; 3, dalcochinin
standard; 4, reaction of seed dalcochinase with dalcochinin 8'-O-fJ-
glucoside; 5, reaction of recombinant 16/21 medium with dalcochinin
8'-O-p-glucoside; 6, reaction of non-recombinant GS115 P. pastoris
medium with dalcochinin 8'-O-f3-glucoside; 7, pNP-glucoside stan-
dard; 8, reaction of seed dalcochinase with pNP-glucoside; 9, reac-
tion of recombinant 16/21 P. pastoris medium with pNP-glucoside;
10, reaction of non-recombinant GS115 P. pastoris medium with
pNP-glucoside; 11, reaction of cassava linamarase with dalcochinin
8'-O-p-giucoside; 12, reaction of almond p-glucosidase with dalcochi-
nin 8>-O-p-glucoside.

cytoplasm. The amount of expression is low [1.6 mg/liter in
minimal medium (BMM) or 5.2 mg/liter in rich medium
(BMMY), assuming the enzyme has the same specific activ-
ity as that purified from seeds]. However, this is not un-
usual for initial expression of proteins in P. pastoris shake-
flask cultures, and the expression system can be further
optimized for high expression (32).

In conclusion, this paper reports the cDNA and amino
acid sequence of the p-fucosidase/p-glucosidase, dalcochinin
8'-O-P-glucoside P-glucosidase, from the Thai rosewood, D.
cochinchinensis Pierre. The amino acid sequence indicates
that this protein belongs to the glycosyl hydrolase family 1
and is evolutionarily most closely related to cyanogenic p-
glucosidases and other closely related p-glucosidases (15,
16). Possible N-linked glycosylation sites were identified,
and one site was confirmed by Edman degradation and
mass spectroscopy. The activity of recombinant enzyme pro-
duced from the clone was shown to be essentially the same
as p-glucosidase purified from seeds. Further investigation
will be necessary to clarify the functional roles of various
amino acids in the protein and the biological function of the
protein.

The authors are greatly indebted to Dr. Rudee Surarit, who pro-
vided excellent advice and discussion throughout the project, and
Dr. Chuenchit Boochird, who assisted in recombinant protein ex-
pression in P. pastoris. Phannee Sawangareetrakul, Pantipa Sub-
hasitanont, Daranee Chokchaichamnankit, and Kanokporn Boon-
puan provided technical assistance in various aspects of protein
purification.
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